Nanosegregation and Structuring in the Bulk and at the Surface of Ionic-Liquid Mixtures by Slattery, John Martin et al.
This is a repository copy of Nano-Segregation and Structuring in the Bulk and at the 
Surface of Ionic-Liquid Mixtures.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/115928/
Version: Accepted Version
Article:
Slattery, John Martin orcid.org/0000-0001-6491-8302, Bruce, Duncan Watson 
orcid.org/0000-0002-1365-2222, Cabry, Christopher Patrick et al. (12 more authors) (2017)
Nano-Segregation and Structuring in the Bulk and at the Surface of Ionic-Liquid Mixtures. 
Journal of Physical Chemistry B. DOI: 10.1021/acs.jpcb.7b01654. pp. 6002-6020. ISSN 
1520-6106 
https://doi.org/10.1021/acs.jpcb.7b01654
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

	


	
	
	





	

	
	



	
	


	 	


	  !"#$%!#$&'(")$
	 
	*
*	 +

,	 -		./01

*./01

2	3,./,*		

.4!5/	

6,	./01

7*.	,	!,3
-1./


-

818.4!5/933
:

./


-
.
:	
.4!5/	

)3.!;2	3;4

	
./01


<	8.		=

9./-<

!.4!5/	


23	*
*	*	*
:;0	
	>3
?
@A@



ACS Paragon Plus Environment
The Journal of Physical Chemistry
1 
 
Nano-Segregation and Structuring in the Bulk and at the Surface of Ionic-
Liquid Mixtures 
 
Duncan W. Bruce1,* Christopher P. Cabry1, José N. Canongia Lopes4,5,* Matthew L. Costen2,* Lucía 
D'Andrea1, Isabelle Grillo7, Brooks C. Marshall3, Kenneth G. McKendrick2,* Timothy K. Minton3,* 
Simon M. Purcell2, Sarah Rogers6, John M. Slattery1,* Karina Shimizu4,5, Eric Smoll3, María A. Tesa-
Serrate2 
 
1Department of Chemistry, University of York, Heslington, York YO10 5DD, UK 
2Institute of Chemical Sciences, Heriot-Watt University, Edinburgh EH14 4AS, UK 
3Department of Chemistry and Biochemistry, Montana State University, Montana 59717, USA 
4Centro de Química Estrutural, IST, Universidade de Lisboa, 1049-001 Lisboa, Portugal 
5ITQB, Universidade Nova de Lisboa, Avenida República, 2780-157 Oeiras, Portugal 
6ISIS, Science & Technology Facilities Council, Rutherford Appleton Laboratory, Chilton, UK 
7ILL, 71 Avenue des Martyrs, CS 20156-38042, Grenoble Cedex 9, France 
 
Abstract 
Ionic-liquid (IL) mixtures hold great promise, as they allow liquids with a wide range of properties to 
be formed by mixing two common components, rather than by synthesizing a large array of pure ILs 
with different chemical structures. In addition, these mixtures can exhibit a range of properties and 
structural organization that depend on their composition, which opens up new possibilities for the 
composition-dependent control of IL properties for particular applications. However, the fundamental 
properties, structure and dynamics of IL mixtures are currently poorly understood, which limits their 
more widespread application. This paper presents the first comprehensive investigation into the bulk 
and surface properties of IL mixtures formed from two commonly encountered ILs: 1-ethyl-3-
methylimidazolium and 1-dodecyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
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([C2mim][Tf2N] and [C12mim][Tf2N]). Physical property measurements (viscosity, conductivity and 
density) find that these IL mixtures are not well described by simple mixing laws, suggesting that 
their structure and dynamics are strongly composition-dependent. Small-angle X-ray and neutron 
scattering (SAXS and SANS) measurements, alongside molecular dynamics (MD) simulations, show 
that at low mole fractions of [C12mim][Tf2N], the bulk of the IL is composed of small aggregates of 
[C12mim]+ ions in a [C2mim][Tf2N] matrix, which is driven by nano-segregation of the long alkyl 
chains and the polar parts of the IL. As the proportion of [C12mim][Tf2N] in the mixtures increases, 
the size and number of aggregates increases until the C12 alkyl chains percolate through the system 
and a bicontinuous network of polar and non-polar domains is formed. Reactive atom scattering-laser-
induced fluorescence (RAS-LIF) experiments, also supported by MD simulations, have been used to 
probe the surface structure of these mixtures. It is found that the vacuum-IL interface is enriched 
significantly in C12 alkyl chains, even in mixtures low in the long-chain component. These data 
show, contrary to previous suggestions, that the [C12mim]+ ion is surface active in this binary IL 
mixture. However, the surface does not become saturated in C12 chains as its proportion in the 
mixtures increases and remains unsaturated in pure [C12mim][Tf2N]. 
 
Introduction 
Ionic liquids (ILs) are molten salts that are liquid at relatively low temperatures. They are often 
defined as salts with melting temperatures below 100 °C, but a great many are liquid at room 
temperature and below. There has been much interest in ILs in recent years and their unusual 
combination of properties, such as very low vapor pressures, wide electrochemical windows, good 
thermal stabilities, and ability to dissolve a wide range of solutes, has led to their use in a range of 
areas. These include as reaction media for sustainable chemistry and catalysis;1-10 in the 
electrochemical deposition of metals and semiconductors;1, 11-16 nanoscience;17-23 biomass 
processing;24 carbon capture and storage (CCS);25-26 analytical chemistry27-32 and many more.  
One of the advantages of ILs is that their properties can be altered substantially by changing 
the anion, cation or both. This offers significant potential to tune the properties of an IL for a 
particular application; for this reason, ILs are often described as 'designer solvents'. However, the 
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downside of this flexibility is that there are a huge number of potential combinations of ions that will 
form ILs and it would be impossible to synthesize and test all of these for every application. Recent 
studies have shown that it is possible to generate a library of liquids with a range of properties by 
simply mixing two or more ILs.33-34 As such, IL mixtures offer the attractive prospect of being able to 
access a range of properties from a relatively small number of common ILs by mixing, rather than 
having to synthesize and store large numbers of different ILs. However, while significant progress has 
been made in recent years in our understanding of pure ILs,35-36 comparatively little is known about 
the fundamental properties of IL mixtures and how these relate to their composition. 
The structure and dynamics of ILs, both in the bulk and at the gas-liquid interface, are critical 
to many of their applications. In the bulk, the amphiphilic nature of many IL ions results in nano-
segregation of the liquid into polar and non-polar domains,37 leading to the development of 
nanostructure that has been studied using a range of experimental and computational approaches.35 
Considerably less is known about the effects of mixing ILs on their nanostructure, or indeed their 
fundamental physical properties compared to pure ILs. Some reports of physicochemical 
investigations of IL mixtures have found that they exhibit properties that are quite well described by 
simple mixing laws,38-53 although this is somewhat surprising given that the chemical structures of 
some of the ions involved are significantly different. However, non-ideal behavior has also been 
observed in other studies (e.g. of conductivity,40-41, 54-56 density,46, 50, 57-59 viscosity48, 52, 60-61 and phase 
behavior62) and, interestingly, some IL mixtures that display ideal mixing behavior in some of their 
physical properties exhibit significantly non-ideal behavior in others. This has led to the suggestion 
that IL mixtures are best considered as 'double salt ionic liquids' (DSILs)34 whose properties are 
defined by their ultimate ionic composition, rather than by the properties of the pure ILs from which 
they are derived. 
In most cases the origins of non-ideal behavior in IL mixtures are not well understood, but 
factors such as size differences between the cations and/or the different hydrogen-bonding abilities of 
ions in a mixture have been proposed as important.34, 48 As is so often the case with ILs, general 
explanations for these phenomena that apply to all of the diverse range of ILs that are known are 
unlikely to be found. Instead, detailed experimental and theoretical investigation of a range of 
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different types of IL mixtures is important to understand their behavior.42, 63-69 One area that has not 
received significant attention, but is likely to play a key role in dictating the properties of IL mixtures, 
is the nanostructure that results from aggregation of one IL in another. A small number of studies 
have investigated the self-organization of ionic amphiphiles (e.g. long-chain imidazolium, pyridinium 
and piperidinium halide or [BF4]– salts) in both protic ([EtNH3][NO3])70-76 and aprotic ([C4mim][Tf2N] 
and [Cnmim][FeCl4] (n = 2 and 4))77-79 ILs. It is also well known that ILs can be used as solvents for 
the self-organization of non-ionic surfactants.80-81 What is currently unclear is the extent to which self-
organization plays a role in the observed properties of IL mixtures containing ions that are more 
similar in their chemical structure. To the best of our knowledge there have been no reports of self-
organization (i.e. aggregation/micelle formation) in binary IL mixtures (mixtures containing a 
common anion and two different cations or vice versa). 
The structures of IL surfaces have also been studied in some detail and are of particular 
interest in applications where the gas–liquid interface is important e.g. CCS, multi-phase catalysis and 
gas separation. A range of approaches have been used to study IL surfaces and some general features 
and design rules are beginning to emerge, although there is still much to learn in this area.36, 82-86 IL 
surface structure is influenced by variations of both the anion and cation and, within a series of ILs, 
increasing the alkyl chain length on the cation leads to a surface that is less polar and more saturated 
with alkyl chains.87 Moving from large anions (e.g. [Tf2N]–) to smaller anions (e.g. [BF4]–) for a given 
chain length increases the density of alkyl chains at the surface, due to more efficient packing of the 
ions.83 However, there have been relatively few investigations into the surface structure of IL 
mixtures.67, 84, 88-89 Information of the surface structure can be obtained from indirect classical 
measurements such as surface tension measurements, which we do not consider further here. More 
direct experimental techniques used include angle-resolved X-ray photoelectron spectroscopy 
(ARXPS),90 Rutherford backscattering spectroscopy (RBS),86, 91 low-energy ion scattering (LEIS)82 
and time-of-flight secondary ion mass spectrometry (ToF-SIMs),86, 92 and the technique which we 
have pioneered and use here, reactive-atom scattering with laser-induced fluorescence detection 
(RAS-LIF).83, 93-94 They have also been investigated by MD simulations.95-96 There are large 
discrepancies in the degree of surface enrichment reported, ranging from stoichiometric surface 
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compositions (detected by ARXPS)90 to the complete absence of some constituting ions at the surface 
(reported in an LEIS study).82 It should be noted that these studies were concerned with different IL 
combinations, which might have distinct mixing behaviors. However, the same IL mixture 
investigated using two techniques (RBS and ToF-SIMs) showed different surface compositions.86 
 
 
Figure 1: The chemical structures of the IL ions used here. 
 
This work provides a detailed picture of the physical properties and structure (in the bulk and 
at the gas-liquid interface) of binary IL mixtures that display properties that deviate significantly from 
ideal mixing behavior. The mixtures of interest are formed from two imidazolium ILs: [C2mim][Tf2N] 
and [C12mim][Tf2N] (figure 1) in various proportions (these mixtures will be denoted [C2mim]1-
x[C12mim]x[Tf2N], where x = 0 to 1).33, 53 By mixing an IL with no nanostructure, [C2mim][Tf2N] 
(figure 2, left), with one containing the amphiphilic cation, [C12mim][Tf2N] (figure 2, right), which is 
known to form a nano-segregated structure in the bulk and display significant surface ordering, 
interesting bulk and surface phenomena are observed.87, 93-94 This is the first time that many of these 
features have been reported, and that a unified discussion of both bulk and surface properties has been 
presented for binary IL mixtures. 
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Figure 2: MD simulation snapshots illustrating the bulk-phase structure of [C2mim][Tf2N] (left) and 
[C12mim][Tf2N] (right).97 Atoms associated with the [Tf2N]– ion are colored red. For [C2mim]+ and 
[C12mim]+ ions, the methyl substituent, imidazolium ring and the first methylene group of the alkyl 
substituent are shown in blue. All other atoms of the [C12mim]+ and [C2mim]+ cation alkyl 
substituents are shown in grey. Nano-segregation between the polar network (red/blue mesh) and non-
polar domains (grey and green beads) can be seen in [C12mim][Tf2N], but no nano-segregation is seen 
in [C2mim][Tf2N].  
 
Results 
The bulk properties of [C2mim]1-x[C12mim]x[Tf2N] mixtures (x = 0 to 1) were investigated by 
measuring physical properties (viscosity, conductivity and density), as well as with SANS and SAXS 
experiments, and MD simulations. The structure of the vacuum-liquid interface was investigated 
using reactive-atom scattering probed via laser-induced-fluorescence (RAS-LIF) and MD simulations. 
As such, this is a most extensive characterization of bulk and surface properties of these mixtures. 
 
Physical property measurements 
The viscosity and conductivity of ILs are known to be quite sensitive to the nature of both the anion 
and cation. However, in previous work on IL mixtures, composition-dependent viscosities and 
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conductivities have often been found to be quite well described by simple mixing laws. In particular, 
the Arrhenius or Grunberg-Nissan mixing law:98-100 
logη = logη + (1 − )logη (1) 
(where x is the mole fraction of one component of a binary mixture and η, η1 and η2 are the viscosity 
of the mixture, component 1 and component 2, respectively) or the Katti and Chaudhri mixing law:101 
logη = logη, + (1 − )logη, + ∆  (2) 
(where Vm, Vm,1 and Vm,2 are the molar volumes of the mixture and the two components, respectively, 
and GE is the excess molar Gibbs energy of activation for flow).  
Temperature-dependent viscosities and ionic conductivities were measured for at least twelve 
compositions of [C2mim]1-x[C12mim]x[Tf2N] from 293 to 333 K (see ESI for details). The temperature 
dependence of both the viscosity and conductivity data fitted well to the Vogel-Fulcher-Tammann 
(VFT) equation for glass-forming systems (full experimental data and fitting is given in the ESI) and 
all ILs behaved as Newtonian fluids under the sheer-rate range used. The viscosities of mixtures in the 
[C2mim]1-x[C12mim]x[Tf2N] system are poorly described by a linear mixing law: 
η = η + (1 − )η (3) 
as expected for ILs (see ESI for details). However, large deviations from ideal mixing behavior are 
also seen when using the Grunberg-Nissan mixing law (figure 3). Attempted fitting of the data to the 
Katti and Chaudhri mixing law showed similar behavior, as the molar volumes of mixtures in this 
system show only small deviations from ideal mixing behavior with changing composition (vide 
infra).  
Figure 3 (black squares) shows that according to the Grunberg-Nissan mixing law, at low 
[C12mim][Tf2N] loadings (up to 16 mol%) the viscosity of the mixtures behaves in essentially an ideal 
way (within the error of the experiment), but from the 24 mol% point onwards there is a significant 
deviation, which appears greatest at around 50 mol% [C12mim][Tf2N]. In this region, the IL mixtures 
show a positive deviation and are more viscous than would be expected based on the Grunberg-Nissan 
law. 
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Figure 3: Percentage deviation of viscosity and conductivity (at 293 K) from the Grunberg-Nissan 
mixing law for [C2mim]1-x[C12mim]x[Tf2N] mixtures as a function of composition. 
 
 Conductivity measurements on the [C2mim]1-x[C12mim]x[Tf2N] mixtures give a similar picture 
(figure 3, red circles), although the conductivity data deviate less significantly from the Grunberg-
Nissan mixing law compared to the viscosity data. Again, there is a significant (within experimental 
error) difference between the observed and predicted conductivity from 24 mol% [C12mim][Tf2N] 
onwards, being greatest at around 50 mol%. In the region where there is a significant difference 
between the observed and predicted conductivities, the mixtures have lower conductivities than 
expected from Grunberg-Nissan mixing behavior. This is consistent with the viscosity data, as 
conductivities are usually found to be approximately inversely proportional to viscosities in ILs.1, 102-
104
 
 The density (figure 4, black squares) and molar volumes of the [C2mim]1-x[C12mim]x[Tf2N] 
mixture system exhibit smaller deviations from ideal mixing behavior (using a linear mixing law as 
shown in equation 3) than the viscosity and conductivity. The observed densities are lower than 
expected based on a linear mixing law and the maximum deviation occurs at around x = 0.5. Excess 
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molar volumes calculated from the density data are somewhat scattered (figure 4, red circles), 
probably because they represent very small differences and any small errors in the measured densities 
are magnified, and do not show a particularly clear trend across the composition range. However, 
there is a tendency for small, positive excess molar volumes in these mixtures. 
 
Figure 4: Percentage deviation of density and molar volume (at 293 K) from ideal behavior modelled 
using a linear mixing law for [C2mim]1-x[C12mim]x[Tf2N] mixtures as a function of composition. Note 
that error bars are included but are not visible as they are very small. 
 
Small-angle X-ray scattering measurements 
SAXS measurements have been shown in a range of studies to give good insight into the 
nanostructure present in pure ILs.105-119 In order to further probe the bulk structure of [C2mim]1-
x[C12mim]x[Tf2N] mixtures, SAXS measurements were performed on 16 compositions from x = 0 to x 
= 1 at 301 K (figure 5). 
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Figure 5: Selected SAXS data at 301 K for [C2mim]1-x[C12mim]x[Tf2N] mixtures as a function of 
composition. Data have been smoothed and stacked using an arbitrary offset on the y-axis to improve 
legibility and the PNPP, COP and CP peaks are labelled (see main text for descriptions). Data 
including all compositions can be found in the ESI. 
 
 Three peaks are often seen in SAXS data for ILs. These can be assigned to i) the 
characteristic distances between ions of different charge at close-contact (contact peak, CP) at high q 
(~1.3 Å–1); ii) characteristic distances related to the alternation of ions within the polar network of the 
IL (charge-ordering peak, COP) (~0.8-0.9 Å–1); and iii) characteristic separations caused by the 
segregation of polar and non-polar domains within the IL (polar/non-polar peak, PNPP) at low q 
(~0.2-0.25 Å–1).120-121 In pure [C2mim][Tf2N] only the COP is clearly visible, although there is a 
suggestion of a broad CP, which has been identified by others for this IL.113, 120 This is consistent with 
the fact that [C2mim][Tf2N] does not form a nanostructured liquid. In contrast, in pure 
Page 10 of 45
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
11 
 
[C12mim][Tf2N] the PNPP is clearly visible and this is indicative of nanoscale organization within the 
liquid, with the PNPP indicating the formation, and length scale, of local bilayer structure formed by 
the separation of the polar parts of the IL by the non-polar C12 chains on the cation. In the case of 
[C12mim][Tf2N], MD simulations suggest that this nanostructure can be identified as a bicontinuous 
network of polar and non-polar domains that percolates through the IL.120  
What has been discovered here is that in [C2mim]1-x[C12mim]x[Tf2N] mixtures the PNPP 
begins to appear as an incipient peak at 24 mol% [C12mim][Tf2N] and, as the concentration of 
[C12mim][Tf2N] increases it gains in intensity, sharpens and moves to higher q (from ~0.20 to 0.24 Å–
1
, representing length scales of ~31 to 26 Å, respectively). The COP changes little in intensity with 
composition, but its position shifts slightly, representing an increase of around 5.5%, from 7.1 Å in 
pure [C2mim][Tf2N] to 7.5 Å in pure [C12mim][Tf2N]. Finally, the CP becomes more visible as the 
concentration of [C12mim][Tf2N] increases, although its position appears to vary little. These changes 
will be discussed further below in the context of our complementary neutron scattering results and 
MD simulations, and compared to data obtained for a series of pure [Cnmim][Tf2N] ILs for 2 ≤ n ≤ 
10.120 
 
Small-angle neutron scattering measurements 
In order to gain additional insight into the structure of the bulk phase, SANS measurements were 
performed on the [C2mim-d11]1-x[C12mim]x[Tf2N] system; data for seven compositions (x = 0.04, 0.24, 
0.32, 0.52, 0.74, 0.87 and 1) are presented here. Data were collected on the D22 small-angle 
diffractometer at the Institut Laue-Langevin (ILL) in Grenoble. Perdeuterated [C2mim-d11][Tf2N] was 
used to give contrast between the [C2mim]+ and [C12mim] + ions in the mixtures, as protonated and 
deuterated species typically have very different neutron scattering length densities (SLDs). Data were 
collected over a q-range of ca. 0.01 to 0.9 Å–1, which corresponds to length scales of ca. 630 to 7 Å. 
Full details of the synthetic procedure used to prepare [C2mim-d11][Tf2N] and SANS experimental 
details are given in the ESI.  
 
Page 11 of 45
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
12 
 
 
 Figure 6: SANS data for [C2mim-d11]1-x[C12mim]x[Tf2N] mixtures as a function of composition. Data 
are normalized to the background values determined during data fitting. 
 
The SANS data in figure 6 show clear differences in neutron scattering as a function of 
composition. At lower loadings of [C12mim][Tf2N] in [C2mim-d11][Tf2N] (4 and 24 mol% 
[C12mim][Tf2N]) the scattering intensity decreases relatively smoothly with increasing q. However, 
the data for the mixtures containing 52, 74 and 87 mol% [C12mim][Tf2N] are dominated by a large 
peak between ca. 0.2 and 0.25 Å–1, which is also visible in the data at 32 mol% [C12mim][Tf2N]. This 
peak corresponds to the PNPP peak seen in the SAXS data.  
The SANS data suggest a picture that is qualitatively similar to that obtained from the SAXS 
data, in that the PNPP appears in the data between 24 and 32 mol% [C12mim][Tf2N]. However, a 
more detailed picture can be obtained from the SANS data by fitting to scattering models; two 
different models have been employed. An ellipsoidal model describes a system composed of 
ellipsoidal scattering aggregates with a particular SLD (in this case the approximate SLD of non-
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deuterated alkyl chains, –3.7 × 10–7 Å–2) dispersed within a solvent with a particular SLD (in this case 
the SLD of the [C2mim-d11][Tf2N] and cationic head groups of the [C12mim]+ ions, which depends on 
the composition of the mixture). The ellipsoids are characterized by axial and equatorial radii, and the 
volume fraction of the system that they occupy. At low loadings of [C12mim][Tf2N] (4 and 24 mol%) 
the ellipsoidal model fits the data quite well (see ESI for fits), although the fit is poorer at 24 mol%. 
This is potentially because an incipient PNPP at this composition changes the form of the scattering 
data without being obvious as a peak, due to the low q scattering that is present. The ellipsoidal model 
does not fit the data at x ≥ 0.32.  
The Teubner-Strey model, which has the following form, can be used to fit the data across all 
compositions (see ESI).122-123 
() =  +  !"#$%&' (4) 
where a, c1 and c2 are empirical fitting parameters that can be related to three quantities of interest by 
the following relationships: 
'– )* +&" =  -
./ 01211
  (5) 
 $##345+$& 43&"5ℎ =  
./ 0111
  (6) 
7(8*ℎ+*ℎ+43 )5#3&"5ℎ) = 9:  (7) 
The Teubner-Strey model is often used to describe systems that undergo a transition between discrete 
aggregates (or micelles) and a bicontinuous network as a function of composition (e.g. 
microemulsions).122-123 The model fits the data well at low [C12mim][Tf2N] loadings, also reproducing 
the key features of the data at higher mole fractions of [C12mim][Tf2N] in the mixtures. These two 
models give complementary information about the system and the fitting parameters that were used 
are summarized in table 1. 
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Table 1: Fitting parameters for an ellipsoid model of the SANS data for [C2mim-
d11]1-x[C12mim]x[Tf2N] mixtures (x = 0.04 and 0.24) and derived parameters for the Teubner-Strey 
model of the SANS data for all [C2mim-d11]1-x[C12mim]x[Tf2N] mixtures. 
 Ellipsoid model Teubner-Strey model 
IL system Axial 
radius (Å) 
Equatorial 
radius (Å) 
Volume 
fraction 
occupied by 
ellipsoidal 
scatterers 
Theoretical 
volume 
fraction 
occupied by 
C12 chains 
d-
spacing 
(Å) 
Correlation 
length (Å) 
Amphiphile 
strength, γ 
x = 0.04 12(1) 65(1) 0.01(1) 0.03 42 5 0.3 
x = 0.24 15(1) 6(1) 0.16(1) 0.14 40 6 0.1 
x = 0.32 - - - 0.18 37 7 –0.1 
x = 0.52 - - - 0.26 30 9 –0.5 
x = 0.74 - - - 0.34 27 12 –0.8 
x = 0.87 - - - 0.38 26 13 –0.8 
x = 1 - - - 0.41 25 16 –0.9 
 
At 4 and 24 mol% [C12mim][Tf2N], when the ellipsoid model can be used to fit the data, the 
scattering ellipsoids are found to be prolate and their dimensions correspond to approximately two or 
three C12 chains (an extended C12 chain is ~ 16 Å long) that interdigitate slightly. As expected, the 
volume fraction of the system occupied by the aggregated C12 alkyl chains increases with mole 
fraction of [C12mim][Tf2N] in the mixture. Those in the fitting model can be compared with a 
theoretical value calculated from the approximate volumes of the non-polar parts of the C12 alkyl 
chains and the polar parts of the system (the cationic head groups, including alkyl carbon atoms 
connected directly to nitrogen and the anions) assessed using a group-contribution model described 
previously.124-126 There is good agreement between the volume fractions used in the fitting model at 
24 mol% [C12mim][Tf2N], but the fitted value is somewhat low at 4 mol% [C12mim][Tf2N], which 
may be due to the presence of isolated C12 chains in this mixture that may not contribute significantly 
to the observed neutron scattering. 
The Teubner-Strey model allows the extraction of the 'amphiphile strength' parameter (γ): 
typically for γ  > 1 the system is regarded as disordered, aggregate/micelle formation is seen for 0 < γ 
< 1, bicontinuous structures are found where –1 < γ  < 0 and lamellar structures are seen when γ  < –1. 
As the SANS data for the [C2mim-d11]1-x[C12mim]x[Tf2N] mixtures are quite well described by the 
Teubner-Strey model (see ESI for fits), the γ parameter for these mixtures can be interpreted in the 
same way to give a picture of the structure in the bulk. For mixtures containing 4 and 24 mol% 
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[C12mim][Tf2N], 0 < γ < 1 suggesting that isolated aggregates of C12 chains from the [C12mim]+ ion 
exist. This is consistent with the fact that the SANS data for these compositions can also be fitted to a 
model based on ellipsoidal scattering objects. By 32 mol% [C12mim][Tf2N], γ has become just 
negative and decreases in value steadily as the amount of [C12mim][Tf2N] in the mixture increases, 
ultimately reaching a value of –0.9 for pure [C12mim][Tf2N]. This suggests a change in structure from 
isolated aggregates of C12 chains to a bicontinuous network of non-polar and polar domains within 
the ILs as a function of composition.  
At compositions where x < 0.32, the d-spacing (which can be interpreted as the average 
distance between scattering objects) decreases with increasing amounts of [C12mim][Tf2N] in the 
mixture, as one would expect with an increasing concentration of long alkyl chains and thus an 
increase in the aggregate density. As the amount of [C12mim][Tf2N] in the mixture increases, and the 
structure switches from isolated aggregates to form a continuous non-polar sub-phase, there is a large 
decrease in d-spacing (from 40 to 30 Å between 24 and 52 mol% [C12mim][Tf2N]). The d-spacing 
then decreases steadily with increasing mole fraction of [C12mim][Tf2N] in the mixture to 25 Å in the 
pure IL. Within this regime, the d-spacing is derived from the position of the PNPP, as in the SAXS 
data, and can be interpreted in the same way i.e. as the length scale of local bilayer structures formed 
from the C12 alkyl chains. 
 
Molecular dynamics simulations of the bulk 
In order to better understand the bulk structure of this system and to aid interpretation of the 
SANS/SAXS data, molecular dynamics (MD) simulations were performed on [C2mim]1-
x[C12mim]x[Tf2N] mixtures, where x = 0, 0.04, 0.24, 0.32, 0.52, 0.74, 0.87 and 1, matching 
compositions studied in vitro. Condensed-phase MD simulations were carried out using the DLPOLY 
package.127 All molecules were modeled using the CL&P atomistic force field,128-129 which is based on 
the OPLS-AA framework 130 but was to a large extent developed specifically for encompassing entire 
homologous series of ionic liquids. Due to the slow dynamics of this type of system, special care was 
taken to ensure the attainment of equilibrium conditions: (i) equilibrations started from initial low 
Page 15 of 45
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
16 
 
density configurations, with ions placed randomly in periodic cubic boxes; (ii) typical equilibrations 
were implemented for more than 1 ns; (iii) multiple re-equilibrations through the use of temperature 
annealing and switching off and on of the Coulomb interactions were performed; (iv) further 
simulation runs were used to produce equilibrated systems at the studied temperatures. The 
equilibrated systems were used in production runs of at least 4 ns at 500 K (see ESI for details).The 
simulations were performed at 500 K to improve the dynamics and equilibration of the simulated 
systems. Nonetheless, comparisons between the main structural features of systems simulated at 500K 
and 300K are possible, as proven by the green and grey lines in figures 6(a) and 6(b), corresponding 
to pure [C2mim][Tf2N] and [C12mim][Tf2N] at the two temperatures (vide infra). The simulations 
allow structure factor functions, S(q), to be calculated for each IL (shown in figure 7). The structural 
analysis has focused on the low-q region of the S(q) functions (0.2 < q/Å–1 < 1.8). In that range most 
ionic liquids feature three peaks, the CP, COP and PNPP, as described above. These can be compared 
to the SAXS data presented above, with which they are in excellent agreement, giving confidence in 
the robustness of the computational methodology. In addition, the MD trajectories can be analyzed to 
provide a more detailed understanding of the aggregation and structural characteristics of the ILs 
under study (discussed in detail below).  
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Figure 7: (a) Experimental SAXS data for [C2mim][Tf2N], [C12mim][Tf2N] and selected [C2mim]1–
x[C12mim]x[Tf2N] mixtures. (b) Calculated total structure factor functions, S(q) for the same ILs and 
IL mixtures at 500 K. (c) Calculated S(q) functions of six pure [Cnmim][Tf2N] ionic liquids at 300 
K.119, 126 All S(q) functions were shifted, in proportion to the volume fraction of the liquid occupied by 
the non-polar alkyl chains, in the y-axis direction in order to improve legibility. Shifting the data in 
this way also allows the IL mixtures to be compared to the pure ILs (see text for details and also note 
the position of the colored markers on the right hand side of the middle graph). 
 
 
 Figure 7b shows the structure factor functions, S(q), for the IL mixtures in this study and 6c 
shows S(q) functions of six pure ionic liquids (all even-numbered chains from [C2mim][Tf2N] to 
[C12mim][Tf2N]) at 300 K.97, 120 Also shown for comparison (figure 7a) are experimental SAXS data 
collected as part of this study (vide supra). A comparison of the experimental SAXS data and 
calculated S(q) functions for the IL mixtures shows good agreement between experiment and theory. 
In both sets of data, the PNPP begins to appear as an incipient peak at x = 0.32, which grows in 
intensity and shifts to higher q with increasing mole fraction of [C12mim][Tf2N]. In the case of the 
MD simulations, the incipient PNPPs in the 24 to 32 mol% regions are difficult to ascertain due to the 
impossibility of calculating data below q-values of 0.2 Å-1 in the simulations, due to finite-size effects 
of the simulation boxes. In addition, the COP shifts steadily to lower q with increasing mole fraction 
of [C12mim][Tf2N]. A comparison of the [C2mim][Tf2N] and [C12mim][Tf2N] pure ionic liquids at 300 
and 500 K (green and grey lines in figures 6b and 6c) shows that the S(q) differences between the two 
simulation temperatures are small (COPs and CPs become less pronounced at higher temperatures). 
Thus, it is possible to make a comparison between the IL mixtures and pure ILs simulated at the two 
temperatures. 
 It was shown in previous work57, 131 that the volumetric behavior of IL mixtures is additive 
and almost ideal: that means that at a given temperature, the volume occupied by an ion in an ionic 
liquid is almost constant, regardless of the counter-ion. Indeed, the fact that densities only deviate 
very slightly from ideal mixing behavior in the system under study here (figure 4) suggests that this is 
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true in these IL mixtures. This notion supports the use of group-contribution rules to estimate the 
molar volume of ionic liquids. Likewise, the contribution of the alkyl side chains to the molar volume 
of an ion is also additive and constant: each methylene -CH2- group added to a chain at 298 K 
increases the molar volume of the ion by around 17 cm3 mol–1. This suggests that a comparison can be 
made between different ILs (pure or mixtures) based on the volumes occupied by the polar network 
and the non-polar domains. For instance, an equimolar ([C2mim][Tf2N] + [C12mim][Tf2N]) mixture 
has around the same non-polar volume fraction as pure [C7mim][Tf2N], 4 mol% [C12mim][Tf2N] has a 
non-polar volume fraction in-between that of [C2mim][Tf2N] and [C3mim][Tf2N] and so on. A 
comparison of the mixtures and pure ILs shows the following revealing similarities and differences: 
 i) the PNPP and CP intensity trends in the mixtures are similar to those observed for the pure 
ionic liquids, i.e., both increase for systems with long-chain cations. The intensities of the PNPPs are 
higher and are found at a lower q-value (see point ii) in the mixtures than in pure ionic liquids with 
similar non-polar volume fractions. As in the SAXS data, PNPPs start to emerge as an incipient peak 
in the 24 mol% [C12mim][Tf2N] mixture and between the pure ILs [C4mim][Tf2N] and 
[C6mim][Tf2N], and grow in intensity either with increasing mole fraction of [C12mim][Tf2N] in the 
mixture or with increasing chain length in the pure ILs. Thus, there is some correlation between the 
appearance, and growth in intensity, of the PNPP and the non-polar volume-fraction of the liquid, 
regardless of whether or not this was achieved through mixing or by increasing chain length on the 
cation. This correlation is striking for the [C2mim]1-x[C12mim]x[Tf2N] mixtures investigated here, but 
more work would be needed on related systems to establish whether it is a generally causal effect.  
 ii) the PNPP peak positions shift substantially to lower q with increasing chain length in the 
pure ILs, corresponding to an increase in length scale of the non-polar network with increasing chain 
length. However, the PNPP position in the mixtures is much less sensitive to composition, and shifts 
in the opposite direction, to higher q with increasing mole fraction of [C12mim][Tf2N] (from ~32 to 26 
Å). This origin of this shift is discussed below. Thus, the q-values of the PNPPs are controlled 
predominantly by the longest chains present in the systems, since these dictate the length scale of the 
non-polar network. Thus, in structural terms, the mixtures do not behave as though they were single 
components with a chain length that is an average determined by composition. 
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 iii) the COP intensities (relative to the CP intensities) are depressed in the case of the 
mixtures. Moreover, the COP intensity increases slightly in mixtures containing a larger proportion of 
[C12mim][Tf2N], whereas it decreases for pure ILs with increasing cation chain length. The less 
structured polar network of the mixtures may be related to the existence of isolated C2 moieties that 
perturb its organization. 
 iv) in both the SAXS data and MD simulations, the COP positions in the S(q) functions shift 
monotonically to lower q-values both in the mixtures and in the pure ILs. It was found previously,97, 
120-121, 132-134
 that such a trend is related to the stretching of the polar network as it has to accommodate 
larger non-polar domains in its midst. 
 The MD trajectories were analyzed carefully to establish the different aggregation patterns 
that are possible within the non-polar domains that constitute the different systems.120-121 Figure 8 
shows the tail-tail aggregation distributions in the mixtures. In this figure, the probability of finding a 
chain belonging to an aggregate of a particular size is given on the y-axis, and the aggregate size is 
given on the x-axis.  
 
 
Figure 8: Discrete probability distribution function, P(na),of a given chain belonging to a non-polar 
aggregate of size na. Aggregates of only C12 chains are shown in the top panels (a, c, e, g, i and k) 
and aggregates containing both C12 and C2 chains are shown in the bottom panels (b, d, f, h, j and l). 
All y-axes are on the same (probability) scale, but different x-axes (and selected inserts) are used to 
highlight the key information. 'n12' and 'nT' represent the total number of C12 and (C2 + C12) chains 
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present in the mixtures, respectively. The numbers and arrows in the text correspond to out-of-the- 
scale values, e.g. in 7a P(na=1) = 68% i.e. 68% of the C12 chains are isolated; P(na=2) = 21% i.e. 21% 
of the C12 chains form “C12 dimers”; P(na=3) = 8% i.e. 8% of the C12 chains form “C12 trimers”. 
 
 The first composition (4 mol% [C12mim][Tf2N]) of figure 8a and 8b shows that the aggregates 
formed by only dodecyl or both chains are always quite small (aggregates of ethyl chains from 
[C2mim]+ are small at all compositions, see ESI for details). On moving to the second composition (24 
mol% [C12mim][Tf2N]) the mixture exhibits more interconnected, non-polar domains and the light 
orange bar distribution in figure 8c shows the existence of large aggregates of C12 chains, which 
nevertheless never contain all (350) of the dodecyl chains present in the system. Due to their length, 
the majority of dodecyl chains are in contact with other dodecyl chains (only about 10% are isolated). 
However, ethyl chains from the [C2mim]+ ion essentially do not aggregate, as would be expected from 
this essentially non-amphiphilic ion and around 67% of the ethyl chains are completely isolated (see 
ESI). The next composition (32 mol% [C12mim][Tf2N]) is much closer to the percolation limit of the 
alkyl side chains contained in the box. In fact, figures 7e and 7f show that the probability of C12 
chains belonging to very large aggregates is already greater than that corresponding to the inclusion in 
smaller aggregates (a bump starts to develop on the right-hand side of the histograms). The other 
mixtures (figures 7g to 7l) show non-polar domains formed by large, percolating clusters of the long 
chains, which can be described as being 'decorated' by ethyl chains from [C2mim]+ ions. In these last 
mixtures, the ethyl chains that are not connected to the dodecyl moieties become more and more 
isolated from each other (ethyl-only clusters become scarcer, see ESI). 
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Figure 9: Aggregate volume-to-box volume ratio, RV(na), as a function of maximum aggregate length-
to-box-diagonal ratio, Rd(na) for all chains aggregates in the mixture series. The black guidelines 
represent the volume-to-maximum-length ratios for spheres, oblate ellipsoids and prolate ellipsoids in 
order to guide the eye.  
 
 Figure 9 shows the relationship between the length and volume of the tail aggregates – a 
measure of their shapes – as their sizes become progressively larger (from the lower left to the upper 
right corners of the graphs). It shows that the shape of the aggregate is more or less independent of the 
type of chains it contains, but strongly dependent on its size: small aggregates have a prolate shape 
that evolves gradually as their size increases to more globular structures, perhaps best viewed as 
fragments of a non-polar network, which eventually coalesce and percolate throughout the system. 
This is consistent with the SANS modelling, where prolate ellipsoidal scattering objects fit the data 
reasonably well at low mole fractions of [C12mim][Tf2N] in the mixtures and the system is described 
as a bicontinuous network of polar and non-polar domains when more [C12mim][Tf2N] is present. 
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Figure 10: (a – c) Average size of contact neighbors, Ni, in the chain aggregates (filled color circles) 
as a function of the non-polar volume fraction of the liquids plotted as the x-axis. (a) ethyl aggregates; 
(b) dodecyl aggregates; (c) all non-polar aggregates. 
 
 The aggregation analysis can also calculate the average number of direct contact neighbors 
(other chains) that a given side chain may have within the non-polar domains (figure 10). The number 
of neighbors depends strongly on the size of the chains, since longer chains have more potential 
contact points, and their degree of aggregation. Figures 9b and 9c show that as the non-polar volume 
fraction of the liquid increases (with increasing [C12mim][Tf2N] mole fraction) the number of nearest 
neighbors increases, which is similar to the trends observed for pure ILs with increasing alkyl chain 
length.134 The ethyl chains show different behavior (figure 10a). These chains have very low average 
neighbor numbers, observed values below 1 denote a large proportion of isolated ethyl chains, and the 
number of neighbors decreases with increasing non-polar volume fraction. Thus, as in the pure IL 
[C2mim][Tf2N] (figure 2, left), the ethyl chains of the [C2mim]+ ion in these mixtures are not strongly 
organized and are predominantly found as isolated ethyl chains distributed throughout the IL.  
 
 
 
RAS-LIF experiments 
As in our previous work on IL surface structure,83, 87, 93-94, 135-136 RAS-LIF experiments were used to 
probe the vacuum-liquid interface in [C2mim]1-x[C12mim]x[Tf2N] mixtures, where x = 0, 0.01, 0.04, 
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0.08, 0.16, 0.24, 0.52, 0.74, 0.87 and 1 (see ESI for experimental details). RAS-LIF is a very surface-
sensitive technique that aims to detect selectively the abstractable hydrogen atoms exposed at the 
surface of an IL by reaction with gas-phase O(3P) atoms.83, 137 This produces OH radicals that scatter 
back into the gas phase, where they are detected by laser-induced fluorescence (LIF). The 
translational energy distribution of the incident O(3P) atoms is such that a significant fraction of the 
O(3P) atoms are capable of abstracting an H atom from weaker, 2° C-H bonds, but not from stronger 
C-H bonds.83, 136 Consequently, the detection of CH2 groups in the alkyl chains is strongly favored 
over other types of H, including those in the CH3 groups or attached to the imidazolium ring. Thus, 
interfacial reactivity observed in a RAS-LIF experiment is a quantitative measure of the accessibility 
of these CH2 groups at the surface. 
The rotational distributions of the OH products were characterized by recording LIF 
excitation spectra at a fixed delay between the photolysis and probe laser pulses in order to confirm 
that the distributions did not vary materially across the range of mixtures. This was indeed the case as 
described in detail in the ESI. The LIF intensity of a single transition could, therefore, be taken to be 
representative of the total number density of OH scattered from the surface.  
Appearance profiles (the LIF intensity as a function of delay between photolysis and probe 
lasers) were measured on the most intense line in the spectrum corresponding to the Q1(1) transition. 
Details of the procedure and the correction for minor background signals are given in the ESI. The 
resulting profiles for the pure ILs, selected mixtures and the squalane reference are presented in figure 
11. Consistent with our previous results,83 87, 93-94 the OH yield from [C2mim][Tf2N] is almost below 
the measurable level while the [C12mim][Tf2N] surface has slightly more than half the reactivity of 
squalane. The yield of OH increases rapidly with x, showing significant reactivity for x of just 0.01. 
At x ≥ 0.24, the profiles start to cluster together as they converge towards pure [C12mim][Tf2N]. 
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Figure 11: Selected OH appearance profiles for the reference compound squalane (black squares), 
against which all signals are normalised, [C12mim][Tf2N] (grey diamonds), [C2mim][Tf2N] (green 
diamonds) and representative [C2mim]1-x[C12mim]x[Tf2N] mixtures (circles, color code in figure). 
Each profile is an average of three independent sets of ten profiles each as described in the text. Error 
bars are 1σ standard error of the mean.  
 
Relative values of reactivity were obtained from the appearance profiles by performing a 
density-to-flux transformation and integrating the resulting flux profiles between 0 and 30 µs, as 
described previously.83 The resulting values are tabulated in the ESI (Table S5) and are plotted against 
mole fraction in figure 12a, where they are expressed as a fraction of the yield from pure 
[C12mim][Tf2N]. To allow a straightforward visual assessment of the departure from stoichiometry, a 
diagonal line has been included connecting the yields from pure [C2mim][Tf2N] and [C12mim][Tf2N], 
respectively (i.e. between the points with x = 0 and 1). To the extent that mole fractions represent the 
proportions of the surface occupied by different ions correctly, this straight line corresponds to 
stoichiometric behavior. It is clear that on this basis the RAS-LIF experiments find that the interfacial 
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reactivity is higher than the stoichiometric result across almost the full range. However, some care is 
needed here; it is questionable whether mole fraction is an unbiased independent variable against 
which to measure stoichiometric surface occupancy, simply because it does not recognize the 
different sizes of the two cation types. This point is explored quantitatively in the ESI, where two 
alternative versions of figure 12 are provided. These are constructed using as x-axis either the volume 
fraction (figure S50), calculated from the known relative molar volumes, Vm, of [C2mim][Tf2N] and 
[C12mim][Tf2N], or the area fraction (figure S51, taken to be proportional to Vm2/3 (i.e. the cross-
sectional area if the molecules were spherical). The positive deviations from stoichiometry remain 
clear in both of these plots. The choice of construction does not therefore change the qualitative 
conclusions, of which the principal one is that there is a clear, non-stoichiometric preference for the 
longer-chain [C12mim]+ cation to be exposed to attack at the surface at all concentrations except for 
the very richest mixtures with x close to 1.This is emphasized in figure 12b, which shows, on the same 
vertical and horizontal scales, the difference between the measured and stoichiometric values. The 
maximum deviation occurs in the vicinity of a mole fraction x = 0.24 (which, for comparison, is 
equivalent to a volume fraction of 0.34). 
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Figure 12: (a) Measured relative OH flux for [C2mim]1-x[C12mim]x[Tf2N] mixtures plotted against 
mole fraction of [C12mim]+. The diagonal line represents hypothetical stoichiometric behavior if the 
surface occupancy were simply proportional to mole fraction. (b) The difference between the 
experimental data points and the stoichiometric line. 
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Molecular dynamics simulations of the vacuum-IL interface 
RAS-LIF vacuum-liquid scattering is ultimately controlled by the many-atom dynamics during and 
after gaseous projectile collision with the vacuum-liquid interface. However, previous studies 
demonstrate that liquid-dependent trends in RAS-LIF product flux can be qualitatively reproduced 
with an analysis of static vacuum-liquid interface composition.87, 135-136 To complement experiment, an 
additional set of MD simulations were performed to model the vacuum-liquid interface of [C2mim]1-
x[C12mim]x[Tf2N] mixtures (where x = 0, 0.04, 0.08, 0.16, 0.24, 0.52, 0.87 and 1) using the same 
Lopes/Pádua all-atom, OPLS-type force field.129, 138-142 Vacuum-liquid-vacuum slab structures were 
prepared and subjected to 5 sequential equilibration cycles where each equilibration cycle consists of 
a phase of elevated temperature (500 K) propagation followed by a phase of room-temperature (298 
K) propagation. Data analysis was only performed on the final phase of room-temperature 
propagation. Full simulation details are given in the ESI. 
 
 
Figure 13: Top-down view of the vacuum-liquid interface of eight [C2mim]1-x[C12mim]x[Tf2N] 
mixtures where x=0, 0.04, 0.08, 0.16, 0.24, 0.52, 0.87, and 1. One periodic boundary condition unit 
cell, referred to in the text as “unit cell”, is shown for each liquid. Atoms associated with the [Tf2N]– 
ion are colored red. The methyl group that terminates the ethyl chain in [C2mim]+ is colored green. 
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For [C2mim]+ and [C12mim]+ ions, the methyl substituent (4 atoms), imidazolium ring (8 atoms) and 
the first methylene group of the alkyl substituent (3 atoms) are shown in blue. All other atoms of the 
[C12mim]+ cation alkyl substituent are shown in grey. 
 
Figure 13 is a compound image that displays the final trajectory frame of eight different [C2mim]1-
x[C12mim]x[Tf2N] mixtures. Each frame presents a top-down view of the vacuum-liquid interface for a 
single unit cell and liquid molecules are rendered as a collection of opaque, van der Waals spheres. 
Accessible surface area (ASA) calculations were used to identify interfacial atoms and quantify cation 
surface density (Figure 14a) and surface 2° hydrogen density (Figure 14b) as a function of 
[C12mim][Tf2N] mole fraction. Interfacial atoms are defined as all liquid atoms near the vacuum-
liquid interface that can accommodate contact with a 1.5 Å radius spherical probe.83, 136 In figure 14c, 
the excess surface 2° hydrogen density computed by ASA analysis of molecular dynamics data is 
compared to the excess OH yield from RAS-LIF experiments. As described earlier, these excess 
properties are derived by computing the deviation of the observed signal from hypothetical linear 
behavior between pure [C2mim][Tf2N] and pure [C12mim][Tf2N] with x as a dependent variable. Note 
that the excess properties in Figure 14c are computed from data normalized to the signal of pure 
[C12mim][Tf2N].   
Since the nonpolar methyl group of [C2mim]+ (green in figure 13) is associated with 2 ethyl-
group methylene hydrogen atoms and the nonpolar undecyl group of [C12mim]+ (grey in figure 13) is 
associated with 22 dodecyl-group methylene hydrogen atoms, figure 13 suggests that the total 
methylene hydrogen atom density at the vacuum-liquid interface monotonically increases with x. This 
is consistent with the experimental RAS-LIF data in figure 12a and the computed surface 2° hydrogen 
density in figure 14b. The MD simulations show that this increase in 2° hydrogen atoms at the 
vacuum-liquid interface is dominated by the [C12mim]+ dodecyl group at all mixture concentrations 
studied. Due to the length of the dodecyl group, every surface-active [C12mim]+ cation adds a large 
number of vacuum-accessible secondary hydrogen atoms. This increase in surface 2° hydrogen atoms 
is most dramatic for mixtures with a low mole fraction of [C12mim][Tf2N].  
Page 28 of 45
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
29 
 
For pure [C2mim][Tf2N], the vacuum-liquid interface shows a strict pattern of alternating 
charged ion packing. As the mole fraction of [C12mim][Tf2N] increases from 0, the number density of 
[C2mim]+ at the vacuum-liquid interface decreases and the number density of [C12mim]+ at the 
vacuum-liquid interface increases (figure 14a). Figure 14a also demonstrates that the surface C12 
mole fraction approaches 0.5 when the bulk mole fraction (approximated from the total system ion 
count) is ~0.16. Therefore, the C12 cation has a higher preference for the vacuum-liquid interface than 
the C2 cation. This observation is consistent with other studies of ionic liquid mixtures where, in 
general, larger ions are more surface active.67, 86, 91-92 Comparing the excess OH yield from RAS-LIF 
experiments with the excess surface 2° hydrogen density from ASA analysis of MD simulations, 
excellent agreement is observed in the shape of the excess curve, the peak excess location, and the 
peak excess value (see figure 14c). Small modifications to the ASA parameters used to identify 
vacuum-accessible atoms do not change the peak excess position and only introduce small changes to 
the shape of the excess curve and the peak excess value. There are a number of possible technical 
reasons for the remaining small deviation between experiment including the simulation size and 
various limitations associated with the forcefield description of the liquid. However, the level of 
agreement is particularly striking because we reiterate that the correlation being drawn is between the 
RAS-LIF OH yield and the static vacuum-liquid interface composition as measured by a probe 
particle in the ASA analysis. This particle is not constrained to approach the surface only along 
trajectories that would lead to reaction of the corresponding O(3P) atoms. The correspondence 
between experiment and simulation supports a correlation between RAS-LIF OH yield and the 
[C12mim]+ number density at the vacuum-liquid interface and provides validation of the vacuum-
liquid interface predicted by classical molecular dynamics. 
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Figure 14: Surface structure and composition of [C2mim]1-x[C12mim]x[Tf2N] mixtures, as analyzed by 
accessible surface area (ASA) calculations. Surface area is defined by the x and y dimensions of the 
unit cell and does not account for corrugation of the liquid surface induced by capillary waves. The 
dashed diagonal line in panel b represents hypothetical linear or stoichiometric behavior between pure 
[C2mim][Tf2N] and pure [C12mim][Tf2N] as a function of total system mole fraction (see the 
discussion in the text relating to the construction of figure 12). In panel c, both experiment and 
simulation are normalized to the signal from pure [C12mim][Tf2N] before computing the deviation 
from stoichiometric behavior. Error bars are ± 1σ standard error of the mean. 
 
Discussion 
A detailed molecular insight into the bulk-phase structure of the [C2mim]1-x[C12mim]x[Tf2N] system 
has been gained using a range of complementary techniques. This understanding allows a proposal to 
be made as to why the physical properties of this system change as they do with changing 
composition, and importantly to speculate on why some properties in this system deviate more 
strongly from ideal behavior than others.  
Four key observations on the bulk properties in particular require explanation and they are 
considered in the discussion that follows: 
1) The onset of significant deviation from ideal bulk physical property behavior occurs at around 24 
mol% [C12mim][Tf2N]. 
2) Viscosity data deviate more significantly from ideal mixing behavior than conductivity data, 
whereas densities show only small deviations from ideal behavior. 
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3) Observed viscosities are higher, and conductivities lower, in these mixtures than would be 
expected based on simple mixing laws. 
4) Densities are slightly lower than ideal, and there is a slight tendency for small, positive excess 
molar volumes, in these mixtures. 
The SAXS, SANS and MD simulations can now be brought together to give a consistent 
picture of the bulk-phase structure of the [C2mim]1-x[C12mim]x[Tf2N] mixtures. At low mole fractions 
of [C12mim][Tf2N] (e.g. 4 mol%) only small aggregates (2-3 alkyl chains) of C12 chains are present in 
the liquid. The appearance of an incipient PNPP from 24 mol% [C12mim][Tf2N] reflects the presence 
of some aggregates of C12 alkyl chains with a bilayer structure of sufficient size and coherence length 
to produce a PNPP. MD simulations suggest that although small aggregates are more common, 
aggregates with a range of sizes form at this composition, the largest containing ~17% of the C12 
chains (see figure 8 for quantitative data regarding the number of alkyl chains found in aggregates at 
each composition). SANS fitting gives a slightly positive γ value, which agrees with the simulations 
that this structure is best described as isolated aggregates rather than bicontinuous network at this 
composition. These aggregates subsequently coalesce with increasing [C12mim][Tf2N] concentration, 
initially to form globular fragments of a non-polar network, and ultimately a continuous, non-polar 
sub-phase. This coalescence appears to be all but complete by 52 mol% [C12mim][Tf2N] according to 
negative γ values in the SANS fitting and aggregate analyses from the MD simulations. The observed 
shift in position of the PNPP to higher q (and associated reduction in d-spacing) as the concentration 
of C12 chains increases can be linked to the length scale of the bilayer structures present in the liquids 
(i.e. the separation of the polar network by the alkyl chains of the non-polar sub-phase). Analysis of 
the bulk-phase MD trajectories suggests that there is no significant change in C12 alkyl chain 
interdigitation with increasing mole fraction of [C12mim][Tf2N] (see ESI for details).  Thus, this small 
change in length scale appears not to be related to the degree of interdigitation. Rather, there seems to 
be a general contraction in the non-polar network with increasing mole fraction of [C12mim][Tf2N] 
that maybe caused by small rearrangements in the relative morphologies of the two sub-phases (e.g. 
loss of branched connectivity within the polar network or fewer “decorating” [C2mim]+ cations). 
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These observations can be compared to the behavior of pure [Cnmim][Tf2N] ILs with 
increasing alkyl chain length. The PNPP appears and grows in intensity in a similar way in the 
mixtures and pure ILs. In addition, SANS modelling and MD aggregate analysis of the mixtures and 
pure ILs120 suggests that larger aggregates of alkyl chains begin to appear around [C4mim][Tf2N] and 
[C2mim]0.76[C12mim]0.24[Tf2N], which have similar non-polar volume fractions, with percolation of the 
non-polar network occurring by around [C6mim][Tf2N] and by 52 mol% [C12mim][Tf2N] in the 
mixtures. SANS fitting and MD simulations suggest that percolation occurs at slightly different 
compositions, both are based on models with some degree of error so this can be expected, but both 
agree that percolation is complete at 52 mol% [C12mim][Tf2N]. This suggests that the formation of 
non-polar aggregates and their subsequent coalescence to form a bicontinuous network of polar and 
non-polar domains in these ILs is driven primarily by the relative volume fractions of the non-polar 
and polar parts of the system. However, the length scales of the non-polar domains are different in the 
mixtures and pure ILs, being dictated by the length of the longest alkyl chain. Thus, it is possible to 
relate some of the features of [C2mim]1-x[C12mim]x[Tf2N] mixtures to pure ILs with which they are 
‘equivalent’ in terms of non-polar volume fraction, but not all. The IL mixtures are structurally 
distinct from the pure ILs. 
This picture of the self-organized structure of the [C2mim]1-x[C12mim]x[Tf2N] mixtures can be 
summarized visually in the four selected MD simulation snapshots presented in figure 15. The 
percolation of the non-polar sub-phase for the two mixtures richer in [C12mim][Tf2N] is obvious in 
figures 14c and 14d. The large non-polar domains are dominated by interconnected C12 chains (grey 
beads) 'decorated' at their periphery by a few C2 chains (light green beads). Some of the latter can still 
be found in the midst of the polar network (red/blue mesh), separated from the non-polar sub-phase. 
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Figure 15: Four MD simulation snapshots illustrating the nano-segregation between the polar network 
(red/blue mesh) and non-polar domains (grey and green beads) in [C2mim]1-x[C12mim]x[Tf2N] (a) x = 
0.04, (b) x = 0.24, (c) x = 0.52 and (d) x = 0.87. Atoms associated with the [Tf2N]– ion are colored red. 
For [C2mim]+ and [C12mim]+ ions, the methyl substituent, imidazolium ring and the first methylene 
group of the alkyl substituent are shown in blue. All other atoms of the [C12mim]+ cation alkyl 
substituent are shown in grey. 
 
 Armed with this understanding of the bulk structure of the [C2mim]1-x[C12mim]x[Tf2N] 
mixtures, it is possible to propose why the physical properties of this system behave as they do with 
changing composition. In particular, the origins of the four key physical property observations that are 
highlighted above can be rationalized. Significant deviations from ideal behavior for the viscosities 
and conductivities of these mixtures become apparent at x = 0.24, with both sets of data suggesting 
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that ion mobility is lower than would be expected based on ideal mixing behavior. As discussed 
above, this composition is composed mainly of small aggregates of C12 alkyl chains, but where larger 
aggregates (up to around 60 chains, 17% of all C12 chains) can also be seen. It is proposed that it is 
the presence of these larger aggregates, containing more connected C12 chains (which represent 
fragments of a nascent non-polar network) that lead, through enhanced chain-chain interactions, to 
lower ion mobility and the observed deviation from ideal behavior for the observed viscosities and 
conductivities.  
The fact that viscosity is the property that deviates most from ideal behavior in this system 
could be linked to the reorganization of the longer-range ordering of the non-polar sub-phase that is 
required in response to a shearing force. This may provide an additional resistance to flow alongside 
local interionic interactions in the polar network. Recent work has suggested that network structures, 
albeit based on rather different intermolecular interactions, formed in molten-salt mixtures also 
contribute to higher than expected viscosities.143-144 In these cases MD simulations using polarizable 
force fields, which capture the dynamics of the systems more accurately, have shown that viscous 
relaxation can be dominated by reorganization of network structures, which form as a function of their 
composition, within the liquids. In the [C2mim]1-x[C12mim]x[Tf2N] mixtures, the fact that the 
conductivity deviates less significantly from ideal behavior than viscosity presumably indicates that a 
subtly different mechanism for ion mobility operates in the presence of an applied electric field.  
The observation that density/excess molar volume data for the [C2mim]1-x[C12mim]x[Tf2N] 
mixtures deviate relatively little from ideal behavior compared with viscosity and conductivity data 
suggests that overall, the sum of all interionic interactions changes relatively little when [C2mim]+ 
ions are substituted for [C12mim]+ ions. However, the small deviations from ideality that are observed 
(lower densities and small, positive excess molar volumes) are consistent with slightly weakened 
overall ion-ion interactions, consistent with the shift in COP position to lower q in SAXS experiments 
(slightly longer cation…cation/anion…anion separations), which may result from the disruption of the 
polar network by the formation of the non-polar sub-phase. 
Page 34 of 45
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
35 
 
The corresponding changes taking place at the surface of the mixtures as the composition is 
varied are now considered. Contrary to previous reports based on ARXPS measurements,90 significant 
surface enrichment of C12 alkyl chains was seen in RAS-LIF experiments and MD simulations. The 
corresponding key features of the surface properties are: i) the surface deviates substantially from 
stoichiometry in terms of excess C12 chains, from the lowest values of x; ii) the deviation from 
stoichiometry is at a maximum in the region of x = 0.24; iii) there is a region at very high x where the 
behavior returns to the stoichiometric line; iv) even in pure [C12mim][Tf2N] (i.e. at x = 1), the surface 
is not fully saturated with C12 chains. 
The picture that has emerged from the RAS-LIF measurements, supported by the MD 
simulations, can be summarized in figure 16, which shows approximately two unit cells from the MD 
simulations of each mixture slab, viewed from the side (camera perpendicular to surface normal). 
Neat [C2mim][Tf2N] shows no ordering at the vacuum liquid-interface. Figure 16 provides visual 
confirmation of [C12mim]+ surface enrichment at all mixture mole fractions of [C12mim][Tf2N]. At 
very low mol% of [C12mim][Tf2N], there is a preference for the dodecyl chain of surface active 
[C12mim]+ ions to lay perpendicular to the interface-normal. However, in mixtures containing larger 
amounts of [C12mim][Tf2N] the C12 chains are observed to assume a disordered but somewhat more 
upright position.  
The propensity for C12 chains to occupy the surface at low x is clearly an expression of their 
relative energetic preference for the surface over the bulk in a dilute mixture in [C2mim][Tf2N] 
compared to the same competition between surface and bulk in pure [C12mim][Tf2N]. This can be 
understood by a simple analogy to an amphiphilic surfactant in a polar solvent (here [C2mim][Tf2N]) 
where the amphiphile (in this case the [C12mim]+ ion) will occupy the surface preferentially to avoid 
unfavorable hydrophobic interactions. Data from SANS and MD simulations show that by x = 0.24, 
the [C12mim]+ ions form aggregates in the bulk and there is evidence that some of these aggregates are 
quite large, which is interpreted as arising from a hydrophobic effect. As such, these aggregates 
provide an alternative location for [C12mim]+ ions as x increases. The combination of surface and bulk 
analysis then suggests that by x = 0.24 the two environments compete quite well as locations for 
[C12mim]+ ions, so that the degree of surface enrichment increases more slowly. However, a thorough 
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analysis would also have to take into account cooperative behavior between the dodecyl chains at the 
surface. Visual inspection of the simulations in figures 13 (in particular) and 16 shows that there 
clearly is such cooperative behavior in the surface occupation by C12 chains, which tend to aggregate 
even at low values of x. This clustering is still apparent at higher mole fractions, including in neat 
[C12mim][Tf2N]. As noted earlier, the surface of pure [C12mim][Tf2N] does not appear entirely 
saturated with alkyl chains. Indeed, the relatively large size of the [Tf2N]- anion and the proximity of 
cation and anion near the surface means that 'true' saturation will not be achieved – i.e. the situation as 
visualized in Figure 13 is as saturated as this system can become, because the cations cannot pack 
more closely together than this. In conventional surfactant chemistry, addition of surfactant to water 
leads to a rapid reduction in the surface tension as the surfactants assemble at the surface, with a sharp 
change in slope when the critical micelle concentration (cmc) is reached. However, careful analysis 
and consideration of these IL mixtures, for which the C12 component is much more modestly surface 
active than a typical surfactant in aqueous solution, shows that the surface only becomes saturated 
relatively slowly and continues to change with [C12mim][Tf2N] mole fraction all the way to x  = 1. 
A cmc is not evident in this system and it is clear that surface saturation per se does not drive 
aggregation. Given that formation of aggregates in the [C2mim]1-x[C12mim]x[Tf2N] mixtures is 
observed by x = 0.24, at which composition the surface is clearly not saturated, it is clear that there is 
little real analogy between this IL mixture system and conventional aqueous solutions of surfactants. 
If the system were to be considered as a [C12mim][Tf2N] surfactant dissolved in [C2mim][Tf2N], the 
data suggest that its surface activity is relatively weak and so it is clear that bulk aggregation in this 
system is not driven by the absence of available surface sites. 
Finally, it is observed (figure 12) that there is an initial, near stoichiometric, reduction in C12 
surface coverage with the addition of a small proportion of [C2mim][Tf2N] to neat [C12mim][Tf2N]. 
This is consistent with a primarily entropic, colligative effect, where the C2 chains distribute 
statistically amongst highly aggregated C12 chains at both the surface and in the bulk. 
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Figure 16: Side view of the vacuum-liquid surface of [C2mim]1-x[C12mim]x[Tf2N] mixtures. One unit 
cells is shown for each liquid. For clarity, only the non-polar parts of the cation alkyl groups are 
shown: [C2mim]+ methyl group on the ethyl chain is shown in green and [C12mim]+ final eleven 
carbon atoms of the dodecyl chain are shown in white. 
 
Conclusions 
In a comprehensive study, a range of approaches have been used to gain unprecedented insight into 
the bulk and surface structure of the binary IL mixtures [C2mim]1-x[C12mim]x[Tf2N] and have related 
this understanding to key physical properties of these liquids. Unlike some IL mixtures, the structure 
and properties of the [C2mim]1-x[C12mim]x[Tf2N] system are strongly dependent on composition. The 
IL surface structure is influenced substantially by composition, and, while previous studies have 
suggested otherwise,90 clear evidence of surface enrichment of [C12mim]+ ions is found, with this 
effect being most pronounced around x = 0.24. At low mole fractions of [C12mim][Tf2N], the bulk 
physical properties (viscosities and conductivities) show no significant deviation from ideal behavior. 
However, from x = 0.24 onwards these properties behave in a non-ideal way. At this composition, 
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larger aggregates of C12 alkyl chains are present in the liquid, which coalesce with increasing x to 
form a continuous non-polar sub-phase by x = 0.52 and it is proposed that increased chain-chain 
interactions in these larger aggregates are linked to the observed deviations in viscosities and 
conductivities. The length scales measured by scattering studies demonstrate that these IL mixtures 
are structurally distinct from pure ILs with which they share similar non-polar volume fractions. In 
the systems studied, the length scale of local bilayer structure in the liquids is clearly related to the 
length of the longest alkyl chain in the IL. However, the appearance of the PNPP in SAXS and SANS 
studies and the progression from small non-polar alkyl-chain aggregates to a continuous non-polar 
sub-phase in MD simulations do show some correlation with the non-polar volume fraction of both 
the pure ILs and mixtures. To sum up, there are some similarities and some differences between the 
IL mixtures investigated here and related pure ILs, but it is clear that they are a distinct system. The 
observations reported here are exciting, as they show that a range of structural and physical properties, 
both in the bulk and at the surface, can be controlled simply by the composition of an IL mixture, 
rather than by synthesizing a large number of pure ILs. The detailed understanding that this work 
brings promises to allow the rational selection of specific surface or bulk structure/properties in 
[C2mim]1-x[C12mim]x[Tf2N] mixtures when they are being considered for particular applications. 
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